Summary We isolate and characterize osteoblasts from humans without in vitro culture. These techniques should be broadly applicable to studying the pathogenesis of osteoporosis and other bone disorders. Introduction There is currently no data regarding the expression of specific genes or pathways in human osteoblasts that have not been subjected to extensive in vitro culture. Thus, we developed methods to rapidly isolate progressively enriched osteoblast populations from humans and characterized these cells. Methods Needle bone biopsies of the posterior iliac crest were subjected to sequential collagenase digests. The cells from the second digest were stained with an alkaline phosphatase (AP) antibody, and the AP+ cells were isolated using magnetic cell sorting. Results Relative to AP− cells, the AP+ cells contained virtually all of the mineralizing cells and were enriched for key osteoblast marker genes. The AP+ cells were further purified by depletion of cells expressing CD45, CD34, or CD31 (AP+/ CD45/34/31− cells), which represented a highly enriched human osteoblast population devoid of hematopoietic/ endothelial cells. These cells expressed osteoblast marker genes but very low to undetectable levels of SOST. We next used high-throughput RNA sequencing to compare the transcriptome of the AP+/CD45/34/31− cells to human fibroblasts and identified genes and pathways expressed only in human osteoblasts in vivo, but not in fibroblasts, including 448 genes unique to human osteoblasts. Conclusions We provide a detailed characterization of highly enriched human osteoblast populations without in vitro culture. These techniques should be broadly applicable to studying the pathogenesis of osteoporosis and other bone disorders.
Introduction
Significant progress has been made in recent years in the clinical investigation of osteoporosis and other metabolic bone diseases using advanced imaging technologies [1, 2] and peripheral blood biochemical markers relevant to bone metabolism [3] . There remains, however, an important gap in knowledge in terms of understanding changes in individual genes and in gene pathway expression in highly purified or enriched bone cell populations from human samples without extensive in vitro manipulation or culture. To address this gap, several different approaches have been used, including assessment of mRNA expression in human bone biopsies [4] as well as analysis of bone marrow stromal cells following in vitro culture [5] . While providing potentially useful information, both approaches have significant limitations, especially if the target cell population of interest is the mature human osteoblast. Thus, whole bone biopsies contain a heterogeneous population of cells, and while bone marrow stromal cultures are more homogeneous, they represent an early progenitor (rather than mature osteoblast) population. Further, even short-term in vitro culture in the presence of fetal bovine serum and other growth factors is likely to alter the phenotype and gene expression profile of these cells.
In previous work, we have described the isolation and characterization of human bone marrow osteoprogenitor cells using both positive selection with alkaline phosphatase (AP) [6] or Stro-1 [7] as well as negative selection by depleting hematopoietic or endothelial cells [8] . Our goal in the present work, however, was to isolate highly enriched populations of mature osteoblasts from small needle bone biopsies and to characterize these cells at a gene expression level within ∼2-4 h of obtaining the biopsy. Rather than using conventional trephine biopsies with a diameter of 7.5 mm [9] , we used a modification of a clinical protocol routinely used by hematologists for bone marrow aspirates and biopsies to obtain needle biopsies of ∼1-2 mm in diameter. Further, since AP is perhaps the most reliable cell surface marker for osteoblasts [10] , we then rapidly isolated AP-expressing cells from these biopsies. These isolation methods were coupled to analytic tools appropriate for small numbers of cells and low RNA yields to generate microgram amounts of cDNA from the various cell populations that was amenable to further evaluation using quantitative polymerase chain reaction (QPCR) and highthroughput RNA sequencing (RNAseq) analysis. In the present report, we describe the direct isolation and characterization of human osteoblasts without in vitro culture. Moreover, since osteoblasts and fibroblasts are closely related mesenchymal cells, by comparing the transcriptomes of human osteoblasts and fibroblasts using RNAseq, we identified genes and pathways unique to human osteoblasts in vivo.
Methods

Study subjects and biopsy protocol
Study subjects were admitted to the Outpatient Mayo Clinical Research Unit following an overnight fast. All subjects provided full informed consent, and the study was approved by the Mayo Clinic Institutional Review Board. Potential subjects were rigorously screened for coexisting disease and excluded if they had diseases known to affect bone metabolism. No subjects were taking any therapies likely to affect bone metabolism such as anticonvulsants, bisphosphonates, calcitonin, glucocorticoids, or sodium fluoride.
Following local anesthesia with 1 % lidocaine and monitored IV sedation using 1-3 mg of intravenous midazolam and 50-100 μg of fentanyl, two needle biopsies of bone from the posterior iliac crest were obtained using an 8-G needle. In one subject, bone marrow aspirates were also obtained for comparison with the osteoblastic cells isolated from the bone samples. This procedure is a modification of clinical bone marrow aspirates and biopsies obtained for hematological purposes. For the validation study described, samples were obtained from six normal male subjects, age range 23 to 75 years.
μCT analysis of bone biopsy One of the bone biopsy samples was frozen immediately in liquid nitrogen. μCT imaging was performed using a cryostatic μCT instrument [11] which allows for the tissue samples to be scanned while frozen. The entire length of the bone biopsies was scanned by placing them on a computercontrolled rotation stage. Samples were scanned with a cubic voxel size of 20 μm and analyzed using the ANALYZE© software package (ANALYZE 9.0).
Isolation of bone cell fractions
Attached soft tissues were removed from the bone biopsies, and the samples were chopped into small fragments with a scalpel. These fragmented samples were incubated with a highly purified, endotoxin-free collagenase (0.6 WU/ml, Liberase DL solution, Roche Applied Science) for 30 min at 37°C as the first digestion. After the first digestion, the solution was centrifuged and suspended cells were collected as the first fraction. The digested bone fragment was put into the a new Liberase solution for 60 min at 37°C as the second digestion, and the suspended cells were again collected following centrifugation as the second digest. We found that the use of the highly purified, endotoxin-free collagenase was essential, as the generally used collagenase (Worthington Biochemical) does appear to have detrimental effects on the cells [12] . As shown in Supplementary Fig. 1 ) from the first and second digests were put into QIAzol (Qiagen) for future RNA extraction. The remaining cells from the second digest were incubated with a human AP Biotinylated Antibody (R&D systems) for 30 min and then incubated with Anti-Biotin MicroBeads (Miltenyi Biotec) for 15 min and positively selected by autoMACS (Miltenyi Biotec). After removing 1× 10 5 cells for RNA extraction, AP+ cells were incubated with CD31PE, CD34PE, and CD45PE antibodies (Miltenyi Biotec) for 30 min and sorted by fluorescence-activated cell sorting (FACS). The fluorescence threshold was set based on excluding the highly fluorescent CD45/CD34/CD31 population, and the same fluorescence threshold for CD45/CD34/ CD31 was used in all of the analyses. Cells were also stained with propidium iodide (PI) to remove dead cells. AP+/CD45/ 34/31−/PI− and AP+/CD45/34/31+/PI− cells were collected for further RNA extractions. Bone marrow cells were processed for isolation of AP+ and AP+/CD45/34/31−/PI− cells in a similar manner.
In vitro mineralization assay Cells were cultured for 3 days at a density of 1×10 5 /0.32 cm 2 (96-well plates) in 100 μl of media containing phenol red-free αMEM, 15 % FBS, and 1 % penicillin-streptomycin mixture (Growth media), all obtained from Invitrogen. Subsequently, 100 μl of 2× osteogenic differentiation media containing growth media, 100 μM ascorbic acid, 2 mM dexamethasone, and 20 mM β-glycerolphosphate were added to each well. At days 3, 6, and 9 following the addition of differentiation media, 100 μl of media was removed from each well and replaced with 100 μl of 2× osteogenic media. Complete media changes were performed on days 12, 15, and 18. Cells were fixed in 10 % formalin and stained for calcium deposits using 2 % Alizarin Red on day 21.
Human fibroblast culture
Clonetics™ Human Dermal Fibroblasts (Lonza) were cultured by following the company's instructions and RNA was extracted using QIAzol. Three independent lines of fibroblasts, which were obtained from three normal male subjects, age range 51 to 65 years, were used for the comparison with the AP+/CD45/34/31− cells.
QPCR gene expression analysis
Total RNA from the various sorted cell populations and bone biopsies was isolated using microfuge columns (MicroColumns, Qiagen). DNase treatment to digest all genomic DNA that could lead to false-positive gene expression results was performed following RNA isolation using Turbo DNA-free DNase (Ambion). RNA quality and purity were confirmed with a Nanodrop spectrophotometer (Thermo Scientific). Since the overall number of the various cell populations was limited (generally <100,000 cells) for the performance of in-depth gene expression analyses, we used the WTOvation TM Pico RNA whole transcriptome amplification system (NuGen Technologies, Inc.) to synthesize microgram quantities of amplified cDNA starting with a total RNA input of ∼25 ng. In this linear amplification system, the relative representation of each transcript species in the original sample is maintained during and after amplification [13, 14] .
For the QPCR analyses, we designed primers using the Primer Express program (Applied Biosystems). Primer sequences for any of the genes analyzed in this report are available on request. The PCR reactions were run in the ABI Prism 7900HT Real-Time System (Applied Biosystems) using SYBR Green (Qiagen) as the detection method. Normalization for variations in input RNA was performed using a panel of 10 housekeeping genes (18S, G6PDH, GAPDH, GUSB, L13A, RPII, TBP, TUBA1B, Β2M, ACTB) with the geNorm algorithm (http://medgen.ugent.be/~jvdesomp/genorm/) [15, 16] used to select the 3-4 most stable housekeeping genes from the 10 on the plate. The PCR Miner algorithm [17] was used to correct for variations in amplification efficiencies.
RNAseq analysis
RNA libraries were prepared according to the manufacturer's instructions for the NuGen Ovation RNASeq FFPE and Ultralow Library Systems (San Carlos, CA). Briefly, first strand cDNA was generated from ∼30 ng of total RNA using DNA/RNA chimeric primers and reverse transcriptase, creating a cDNA/RNA hybrid. The second strand cDNA was then synthesized containing a DNA/RNA duplex. The resulting double-stranded cDNA molecule was amplified by Single Primer Isothermal Amplification (SPIA®) using a chimeric SPIA primer, DNA polymerase, and RNase H (NuGen). Following amplification, the products were modified by random priming and extension to create double-stranded products that were suitable for generating libraries for sequencing. Unique indexes were incorporated for each sample. The doublestranded products then underwent blunt-end repair. Adapter molecules were ligated to the 5′ and 3′ ends of each fragment to facilitate PCR amplification of the fragments to produce the final library. The concentration and size distribution of the resulting libraries was determined on an Agilent Bioanalyzer DNA 1000 chip (Santa Clara, CA). The concentration values were confirmed by Qubit fluorometry (Life Technologies, Grand Island, NY). Unique indexes were incorporated at the adaptor ligation phase for multiplex sample loading on the flow cells. Libraries were loaded onto paired end flow cells at concentrations of 8-10 pM to generate cluster densities of 700,000/mm 2 following Illumina's standard protocol using the Illumina cBot and cBot Paired end cluster kit version 3. The flow cells were sequenced as 51×2 paired end reads on an Illumina HiSeq 2000 using TruSeq SBS sequencing kit version 3 and SCS version 1.4.8 data collection software. Base calling was performed using Illumina's RTA version 1.12.4.2. We sequenced three samples per lane and achieved a sequencing depth of ∼100 million reads per sample.
Statistical and bioinformatic analyses
The QPCR data is shown using mean ± SEM and statistical comparisons were performed using two-sided t tests. The RNAseq data was analyzed using several steps: alignment, quality control, obtaining genomic features per sample, and summarizing the data across samples for subsequent comparisons between samples (see below). Paired-end reads were aligned by TopHat 2.0.6 [18] against the hg19 genome build using the bowtie1 aligner option [19] . Initial assessment of quality control was made using RSeQC software [20] to estimate the distance between paired end reads, evaluate the sequencing depth for alternate splicing analysis, determine the rate of duplicate reads, evaluate coverage of reads across genes, etc. Gene counts were generated using HTseq software (http://www-huber.embl.de/users/anders/HTSeq/doc/ overview.html), and gene annotation files were obtained from Illumina (http://cufflinks.cbcb.umd.edu/igenomes.html).
To delineate pathways unique to human osteoblasts, we identified genes not expressed in fibroblasts but present in the AP+/CD45/34/31− cells. For this type of analysis, Ramskold et al. [21] have suggested using a median reads per kilobase per million mapped reads threshold of 0.3 for calling a gene as "expressed"; in our analysis of this dataset, we found very close concordance between this criteria and simply using an absolute median gene count threshold of 10, which is what we used in the current analysis. As a more stringent criterion, we also tested for differential expression differences between groups using the edgeR package [22] . Technical variability introduced by gene GC content, gene size, and total calls per sample was accounted for using an offset obtained from the cqn package [23] . Genes with a median gene count of less than 10 in both groups were excluded. For this analysis, only genes with a false discovery rate less than 0.05 were carried forward for further investigation. For the genes uniquely expressed in the AP+/CD45/34/31− cells, pathway analysis was performed using the Ingenuity Pathway Analysis software (Ingenuity Systems).
Results
Figure 1a
shows an example of the two needle bone biopsies obtained from the study subjects; each measured ∼2 mm in diameter by 1-2 cm in length. Figure 1b is a μCT image of a representative biopsy, depicting both cortical and trabecular bone in these samples.
As shown in Fig. 2 , cells from both the first and second digests were capable of in vitro mineralization. However, the second digest clearly contained more osteoblastic cells, as it was highly enriched for key osteoblast markers (Fig. 3a) . Thus, the second digest cells were then stained with an established AP antibody (B4-78) [24] , and the AP+ cells were isolated using MACS. As shown in Fig. 2 , the AP+ cells contained virtually all of the mineralizing cells in the second digest, as the AP− cells from this fraction failed to mineralize. Of note, we also found that the AP antibody similarly isolated mineralizing cells from bone marrow (Fig. 2, lower panel) .
Relative to the AP− cells, the AP+ cells were highly enriched for expression of osteoblast marker genes using QPCR (Fig. 3b) . Thus, the bone AP+ cells, which can be isolated and put into RNA extraction buffer within 2 h of the biopsies being taken from the subject, are a highly osteoblastenriched fraction that can be used for further analyses.
Supplementary Fig. 2 (Online Resource 1) shows a FACS analysis of the AP+ cells isolated by MACS and then stained with a cocktail of antibodies reactive against all hematopoietic/endothelial cells (CD45, CD34, CD31). Approximately 60 % of the AP+ cells were negative/dim for all of these markers (AP+/CD45/34/31−), whereas ∼40 % expressed at least one marker (AP+/CD45/34/31+; since we stained with all three antibodies together, we did not distinguish which specific marker was expressed in different subsets of these cells). Thus, the next level of purification involved FACS selection for AP+/CD45/34/31− cells, and as shown in Fig. 3c , AP+/CD45/34/31− cells did express higher levels of key osteoblast markers than AP+/CD45/34/31+ cells. Moreover, relative to the AP+/CD45/34/31+ cells, the AP+/ CD45/34/31− cells were almost completely depleted of the hematopoietic/endothelial markers (Fig. 4a) . Interestingly, both AP+/CD45/34/31− and AP+/CD45/34/31+ cells were capable of in vitro mineralization (Fig. 2) , suggesting that [25, 26] .
We also examined whether the FACS sorting itself may have an independent effect on gene expression. For this, we examined the expression of 32 genes related to bone metabolism in AP+ cells before and following FACS ( Supplementary  Fig. 3 , Online Resource 1). As is evident, we found that there were minimal effects of FACS in our hands (using a 100-μm nozzle and low flow rate) on the cycle threshold (Ct) values of these genes, particularly for Ct values <30. Thus, the FACS sorting performed with our protocol appears to have minimal effects on gene expression.
The AP+/CD45/34/31− cells isolated from the collagenase digests of bone were clearly different from the analogous cells obtained from bone marrow. Thus, relative to the bone AP+/ CD45/34/31− cells, the bone marrow AP+/CD45/34/31− cells expressed markedly low (or barely detectable by QPCR) mRNA levels of COL1A2, osteocalcin, bone sialoprotein, or osteopontin, although they did express similar levels of alkaline phosphatase and RUNX2 (data not shown).
Recent data from the Bonewald laboratory has demonstrated that seven to nine sequential digests are needed to release true osteocytes from mouse bones [27] . This is consistent with our data in Fig. 4b , which shows that relative to the "stripped" bone sample (i.e., the residual bone fragments following the two sequential digests), which expressed easily detectable levels of key osteocytic genes, AP+ and AP+/CD45/34/31− cells expressed extremely low to undetectable levels of SOST. AP+/CD45/34/31− cells also expressed very low levels of all of the key osteocyte markers except for E11 (an early osteocyte marker [27] ), whereas AP+ cells expressed variable levels of E11, DMP1, and FGF23.
In terms of yields of the AP+ and AP+/CD45/34/31− cells, from a mean (SEM) weight of the two combined needle biopsies of 327 (39)mg, we obtained 1.5 (0.8) million AP+ cells and 206,000 (197,000) AP+/CD45/34/31− cells.
We next used RNAseq to identify genes and pathways unique to the AP+/CD45/34/31− cells (i.e., human osteoblasts) compared to fibroblasts. As shown in Supplementary Table 1 (Online Resource 1), using the criteria of expression in the AP+/CD45/34/31− cells but not in the fibroblasts (P < 0.05) and false discovery rate (q)<0.05, 448 of the 13,306 genes expressed in the AP+/CD45/34/31− cells (3.4 %) were unique to these cells and not expressed in fibroblasts, reflecting the close similarity between osteoblasts and fibroblasts. If these criteria were made less stringent (expression in ALPL alkaline phosphatase, BGLAP osteocalcin, IBSP bone sialoprotein, SPP1 osteopontin the AP+/CD45/34/31− cells but not in the fibroblasts, no P or q value threshold), this number rose to 811 (6.1 %), which likely reflects the upper limit of genes unique to the AP+/ CD45/34/31− cells. Table 1 provides a list of selected genes of interest meeting the more stringent criteria, which included several of the osteoblast-related genes (osterix, osteocalcin, bone sialoprotein, BMP5 and 8, DLX5 and 6, DMP1, MEPE, PTHR1 and 2, and RANKL). Note that certain genes that might be expected to be expressed in osteoblasts (e.g., vitamin D, estrogen, androgen, or thyroid hormone receptors) are not on the list in Table 1 or Supplementary Table 1 (Online Resource 1) since they were either also expressed in fibroblasts or did not meet our criteria for being significantly different between the fibroblasts and the AP+/CD45/34/31− cells (data not shown). Interestingly, these unique genes also included several adipocyte-related genes (adiponectin, C / EBPΑ , and LPL ), along with other genes known to play important roles in bone metabolism (e.g., IGF-1 and 2, and CXCR4 ). Table 2 shows a selected list of the gene pathways unique to osteoblasts reflected by these 448 genes, and Supplementary Table 2 (Online Resource 1) shows a more complete list of all of the statistically significant (P <0.05) pathways. These included ( Table 2) LXR/RXR activation, growth hormone signaling, G protein-coupled receptor signaling, CXCR4 signaling, osteoblast-related, type II diabetes mellitus signaling, and NFAT and NFκB signaling.
Discussion
In the present study, we isolate and characterize progressively purified populations (AP+ and AP+/CD45/34/31− cells) of human osteoblasts that can be studied further without the need for in vitro culture. The AP+ cells mineralize in vitro and, relative to AP− cells, are highly enriched for key osteoblastrelated genes. This enriched human osteoblast fraction can be isolated and placed into RNA extraction buffer within ∼2 h of the small needle biopsies. To further deplete these AP+ cells of cells co-expressing hematopoietic/endothelial markers requires an additional FACS step, which leads to the isolation of AP+/CD45/34/31− cells, but this prolongs the processing time to ∼4-4.5 h. The residual bone fragments have easily measurable mRNA levels for all of the key osteocyte markers and thus represent an osteocyte-enriched fraction. The methods described here should be broadly applicable to the study of the pathophysiology of osteoporosis and other metabolic bone diseases. In addition, based on the gene expression analysis of these cell populations, serum-based assays for secreted proteins could be developed as novel biomarkers for various bone diseases.
The bone AP+/CD45/34/31− cells isolated using this method are clearly mature osteoblastic cells, as these cells differ markedly in their osteoblast gene expression profile compared to bone marrow AP+/CD45/34/31− cells isolated using similar methods. If desired, parallel processing of bone marrow aspirates could yield both early (from marrow aspirates) and mature (from the bone samples) osteoblastic cells from the same patient.
Previous studies of mouse bones [28] have found that the initial collagenase digests (20- Table 1 Selected genes of interest expressed uniquely in human AP+/ CD45/34/31− cells and not in fibroblasts. The entire list of 448 genes meeting these criteria is available in Supplementary File 1. Where appropriate, common names of the genes are provided in parentheses
hematopoietic cells that respond to calcitonin but fail to respond to PTH, whereas the cells released following 40-80 min of digestion are PTH responsive, consistent with an osteoblast phenotype. Our first digest of 30 min and pooled second digest of 60 min fall essentially into this time frame, and while both our first and second digest cells are capable of in vitro mineralization, the second digest cells were markedly enriched for osteoblastic gene expression as compared to the first digest cells. Conversely, as mentioned earlier, work from the Bonewald laboratory [27] has recently demonstrated that true osteocytic cells are not released from mouse bones until approximately the seventh serial digestion and continue to be released through the ninth digestion. Consistent with these findings, we observed that while AP+ cells and, to a lesser extent, AP+/CD45/34/31− cells expressed low levels of osteocyte markers, these populations expressed undetectable (or barely detectable) levels of SOST mRNA compared to the stripped bone fragments. These findings, combined with our osteoblast gene expression and in vitro mineralization data, indicate that the AP+ and AP+/CD45/34/31− cells likely represent mature osteoblastic cells, although some of these cells may be transitioning to osteocytes. We also found that the type of collagenase used in isolating cells from bone is quite important, since use of less purified collagenase (Worthington) led to much lower RNA integrity values in the released cells compared to using a highly purified, endotoxin-free collagenase (Roche).
One of the notable findings from the present study was that even though the AP+/CD45/34/31− cells were enriched for osteoblastic gene expression compared to AP+/CD45/34/31+ cells, both cell populations (as long as they expressed surface AP) were capable of in vitro mineralization. These findings are consistent with mounting evidence demonstrating that various hematopoietic and endothelial populations are capable of mineralization and, under certain circumstances, bone formation. For example, Suda et al. [29] have described a circulating CD45+ bone marrow-derived type I collagen + cell population that also expresses AP and is capable of mineralization as well as heterotopic ossification. In addition, Fadini and colleagues [30] characterized myeloid cells expressing osteocalcin and AP that may contribute to vascular calcification in patients with diabetes. Finally, we have previously identified endothelial progenitor cells co-staining for bonerelated proteins and capable of in vitro mineralization [31] [32] [33] . Of particular interest is the recent description by Chang et al. [25] of osteal macrophages whose presence in proximity to osteoblastic cells seems to be critical for optimal mineralization and bone formation by the osteoblasts. In humans, these osteal macrophages have been identified by staining with CD68 [25] and these cells may also express AP [26] . As such, [12] proposed a novel approach to electronically deplete genes expressed in whole mouse bone samples by those highly expressed in blood, bone marrow, or muscle. This in silico approach could allow for examination of osteoblast-related genes in mouse bones without the need for any in vitro processing. While this is an intriguing and viable approach, the isolation of a highly enriched osteoblast population (AP+/CD45/34/31− cells) allows for the possibility of performing the reverse selection-specifically, selecting the genes in the whole bone samples that reflect those expressed in the osteoblasts derived from that sample. Thus, the physical isolation of human osteoblasts (AP+/CD45/34/31− cells) could be combined with a parallel analysis of unfractionated bone biopsies without any processing, and then, an examination of the osteoblast-specific genes from the AP+/CD45/34/ 31− cells in the bone biopsies could be performed. This would allow for both a physical and an in silico isolation of osteoblasts, with comparison of changes in the genes in common between the AP+/CD45/34/31− cells and the whole bone biopsies with age or drug treatment providing complementary data.
Since osteoblasts and fibroblasts are closely related mesenchymal cells, we also compared, using RNAseq, the transcriptomes of these cells and found that 3.4-6.1 % (depending on the stringency of the criteria applied, see "Methods" section) of the expressed transcripts in the AP+/ CD45/34/31− cells were unique to these cells and not expressed in fibroblasts. In addition to the expected genes (e.g., osterix and osteocalcin), Supplementary Tables 1 and 2 (Online Resource 1) provide a complete list of the transcripts that were unique to the AP+/CD45/34/31− cells along with specific pathways reflected by these genes. Beyond the expected pathways (e.g., osteoblast-related, VDR activation, Table 2 ), perhaps of particular interest were two of the pathways related to energy metabolism (LXR/RXR activation and type II diabetes mellitus signaling). Thus, there is growing evidence for a link between bone and energy metabolism [34] , and recent evidence has implicated both LXR [35] and insulin [36, 37] signaling in osteoblasts in the regulation of bone formation. Compared to the closely related mesenchymal cells, fibroblasts, these pathways appear to be relatively more important in osteoblasts. These data, along with the additional genes and pathways identified in Supplementary Tables 1 and  2 (Online Resource 1), may therefore be useful for the further exploration of osteoblast-specific genes/pathways or in the identification of novel drug targets to modulate osteoblast function in humans. Finally, the techniques described and validated here to isolate and characterize human osteoblasts without in vitro culture should also be broadly applicable to studying the pathogenesis of osteoporosis and other metabolic bone diseases.
